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Background:  Toxic  industrial  chem¬ 
icals  (TICs)  are  potential  terrorist  weap¬ 
ons.  Several  TICs,  such  as  chlorine,  act 
primarily  on  the  respiratory  tract,  but 
knowledge  of  the  pathophysiology  and 
treatment  of  these  injuries  is  inadequate. 
This  study  aims  to  characterize  the  acute 
respiratory  distress  syndrome  (ARDS) 
caused  by  chlorine  gas  (Cl2)  inhalation  in 
a  large-animal  model. 

Methods:  Anesthetized  female  sheep 
were  ventilated  with  300  L  of  a  Cl2/air/ 
oxygen  mixture  for  30  minutes.  In  phase  1 
(n  =  35),  doses  were  0  ppm  (Group  1,  n  = 
6);  120  ppm  (Group  2,  n  =  6);  240  to  350 
ppm  (Group  3,  n  =  11);  and  400  to  500 
ppm  (Group  4,  n  =  12).  In  phase  2  (n  = 


17),  doses  were  0  ppm  (Group  5,  n  =  5); 
60  ppm  (Group  6,  n  =  5);  and  90  ppm 
(Group  7,  n  =  7),  and  the  multiple  inert 
gas  elimination  technique  (MIGET)  was 
used  to  characterize  the  etiology  of  hypox¬ 
emia.  Computed  tomography  (CT)  scans 
were  performed  daily  for  all  animals. 

Results:  In  Phase  1,  lung  function  was 
well  maintained  in  Group  1;  Cl2  caused  im¬ 
mediate  and  sustained  acute  lung  injury 
(Pao2-to-Fi02  ratio,  PFR<3.0)  in  Group  2 
and  ARDS  (PFR<2.0)  in  Groups  3  and  4. 
All  animals  in  Groups  1  and  2  survived  96 
hours.  Kaplan-Meier  analysis  showed  dose- 
related  differences  in  survival  (log-rank  test, 
p  <  0.0001).  Logistic  regression  identified 
280  ppm  as  the  lethal  dose  50%.  CT  and 


histopathology  demonstrated  lesions  of  both 
small  airways  and  alveoli.  In  Phase  2, 
MIGET  showed  diversion  of  blood  flow 
from  normal  to  true-shunt  lung  compart¬ 
ments  and,  transiently,  to  poorly  ventilated 
compartments. 

Conclusions:  Cl2  causes  severe,  dose- 
related  lung  injury,  with  features  seen  in 
both  smoke  inhalation  and  in  ARDS  sec¬ 
ondary  to  systemic  disease.  This  model 
will  be  used  to  test  new  therapeutic  mo¬ 
dalities. 
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Recent  world  events  raise  concerns  that  toxic  industrial 
chemicals  (TICs)  may  be  utilized  as  weapons  of  oppor¬ 
tunity  by  terrorists.  One  of  the  most  common  TICs  is 
chlorine.  Chlorine  is  readily  available;  is  transported  daily  in 
large  quantities  via  water,  road  and  rail;  and  was  used  as  a 
weapon  during  previous  wars.  In  addition,  chlorine  gas  (Cl2) 
spills  from  commercial  cargo  could  rapidly  expose  large 
numbers  of  people,  leading  to  severe  acute  lung  injury  (ALI) 
and  adult  respiratory  distress  syndrome  (ARDS).1 

Human  research  on  Cl2  exposure  includes  reports  on  war- 
related  casualties,2-4  observations  of  industrial5-8  and  other 
accidents,9-14  and  studies  on  the  effects  of  Cl2  on  the  lung15  and 
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other  organs.16  19  Animal  research  has  been  done  on  rhesus 

on  01  ,  ,  oo  on.  .  os  oa 

monkeys,  rabbits,  and  rodents,-  -  and  recently  on  pigs.  ’ 
These  studies  recognized  Cl2  as  a  potent  irritant  that  causes  toxic 
pulmonary  edema  and  death,27  and  that  in  lower  doses  leads  to 
reactive  airway  dysfunction  syndrome  (RADS).28  To  date, 
systemic  ’  ’  and  inhaled  steroids,  ’  nebulized  sodium 
bicarbonate,32-34  humidified  oxygen  (02),35  and  beta  agonists 
alone35,36  and  in  combination  with  steroids31  have  all  been 
suggested  as  treatment  for  Cl2-associated  pulmonary  failure. 

Current  inhalation  injury  research  is  based  on  models 
employing  smoke  as  the  causative  agent.37-43  These  studies 
have  resulted  in  improvements  in  therapy  such  as  high-fre¬ 
quency  percussive  ventilation  leading  to  reductions  in 
mortality.40,44-46  The  available  inhalation  injury  models, 
however,  are  limited  in  severity  by  the  development  of  car¬ 
bon  monoxide  poisoning,47  take  24  to  48  hours  for  the  injury 
to  unfold,38,43,46,47  and,  because  of  the  complexity  of  smoke, 
may  make  interlaboratory  comparisons  difficult.37 

The  focus  of  this  study  was  to  develop  a  large-animal 
model  of  Cl2  inhalation  injury  leading  to  ARDS  that  could  be 
used  for  the  development  of  new  treatment  modalities.  An¬ 
other  objective  of  this  study  was  to  elucidate  the  mechanism 
of  hypoxia  following  Cl2  inhalation,  both  physiologically  (by 
means  of  the  multiple  inert  gas  elimination  technique 
[MIGET])  and  morphologically  (by  means  of  computed  to¬ 
mography  [CT]  scanning).  Our  model  addresses  the  limita¬ 
tions  of  the  smoke  inhalation  models  because  no  carbon 
monoxide  is  involved,  the  onset  of  injury  takes  only  hours, 
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Table  1  Phase  1: 

Experimental  Protocol 

Time  (hours) 

Time  Point 

Event/Measurements/Techniques 

-2.0 

Surgical  preparation 

TIVA/surgical  line  placement 

00.00 

Baseline 

Physiologic  data  recording.  Vital  sign  collection,  ABG,  CT 

0.5 

Inhalation  injury 

0,  120,  240,  350,  400,  500  ppm  Cl2  (diluted  in  100%  02)  injury  in  the 
negative  pressure  suite.  Return  to  ICU 

2.0 

2  hours  postinjury 

Physiologic  data  recording.  Vital  sign  collection,  ABG,  CT 

Q6 

Every  6  hours  postinjury 

Vital  sign  collection,  ABG 

Q24 

Every  24  hours  postinjury 

Physiologic  data  recording.  Vital  sign  collection,  ABG,  CT 

96.0 

96  hours  postinjury 

Physiologic  data  recording.  Vital  sign  collection,  ABG,  CT. 

Termination  of  experiment,  necropsy 

and  use  of  only  one  toxic  component  may  simplify  compar¬ 
isons  among  laboratories. 

MATERIALS  AND  METHODS 

This  study  was  approved  by  the  US  Army  Institute  of 
Surgical  Research  Animal  Care  and  Use  Committee  and  was 
carried  out  in  accordance  with  the  guidelines  set  forth  by  the 
Animal  Welfare  Act  and  other  federal  statutes  and  regulations 
relating  to  animals  and  studies  involving  animals  and  by  the 
1996  Guide  for  the  Care  and  Use  of  Laboratory  Animals  of 
the  National  Research  Council. 

Experimental  Design 

This  study  was  carried  out  in  two  phases.  Phase  1  ex¬ 
periments  lasted  up  to  96  hours,  involved  doses  of  0  to  500 
ppm  of  Cl2  in  100%  02,  and  had  the  primary  goal  of  estab¬ 
lishing  the  dose-related  nature  of  the  injury.  (Dilution  of  Cl2 
with  100%  02  was  employed  to  ensure  survival  when  high 
doses  were  used).  The  number  of  animals  and  doses  used  in 
this  phase  were:  Group  1,  n  =  6,  0  ppm;  Group  2,  n  =  6,  120 
ppm;  Group  3,  n  =  11,  240  to  350  ppm;  and  Group  4,  n  =  12, 
400  to  500  ppm.  Phase  2  experiments  lasted  24  hours,  in¬ 
volved  doses  of  0  to  90  ppm  in  2 1  %  02,  and  had  the  primary 
goal  of  determining  the  etiology  of  hypoxia.  The  number  of 
animals  used  and  group- specific  doses  were:  Group  5,  n  =  5, 
0  ppm;  Group  6,  n  =  5,  60  ppm;  and  Group  7,  n  =  7,  90  ppm. 
In  phase  2,  ventilation  with  room  air  was  required  to  enable 


measurements  of  diffusion  limitation  (DL)  by  MIGET.48 
Lower  doses  were  used  to  ensure  survival  of  the  animals 
when  ventilated  with  21%  02.  Unless  otherwise  specified,  all 
approaches  described  below  were  identical  for  both  phases  of 
the  experiment.  Outlines  of  protocols  and  procedures  for  both 
phases  are  shown  in  Tables  1  and  2. 

Animal  Preparation 

Fifty-two  certified,  nonpregnant  female  sheep  weighing 
43.3  ±  0.71  kg  (phase  1,  n  =  35,  42.5  ±  0.9  kg;  phase  2,  n  = 
17,  44.91  ±1.1  kg)  were  quarantined  for  1  week.  On  the  day 
of  study,  the  animals  were  anesthetized  with  isoflurane  and 
underwent  placement  of  a  urinary  catheter,  tracheostomy,  and 
lines  in  the  right  external  jugular  vein  (REJV),  right  carotid 
artery,  and  left  and  right  femoral  arteries  and  veins.  Enro- 
floxacin  (Bayer,  Shawnee  Mission,  KS),  100  g/mL,  1  mL 
BID  IM,  was  given  as  prophylaxis  on  the  day  of  surgery  and 
every  24  hours.  At  completion  of  surgery,  isoflurane  was 
tapered  off  and  total  intravenous  anesthesia  (TIVA)  was  ini¬ 
tiated  (ketamine,  300  to  500  mcg/kg/min;  midazolam,  1  meg / 
kg/min)  and  continued  throughout  the  experiment.  Anesthe¬ 
sia  levels  were  adjusted  based  on  pinch  tests  and  clinical 
assessment.  When  indicated,  additional  buprenorphine  (Bu- 
prenex)  0.3  mg/kg  IM  was  given  for  pain.  The  animals  were 
transported  to  the  intensive  care  unit  (ICU)  and  mechanically 
ventilated  (see  Ventilator  Management  below). 


Table  2  Phase  2:  Experimental  Protocol 

Time  (hours) 

Time  Point 

Event/Measurements/Techniques 

-2.0 

Surgical  preparation 

TIVA/surgical  line  placement 

00.00 

Baseline 

Fi02  21%,  MIGET,  physiologic  data  recording.  Vital  sign  collection,  ABG,  CT 

0.5 

Inhalation  injury 

0,  60,  90  ppm  Cl2  (diluted  in  21  %  Oz)  injury  in  the  negative  pressure  suite. 

Return  to  ICU 

0.5 

30  minutes  postinjury 

Fi02  21%,  MIGET,  physiologic  data  recording.  Vital  sign  collection,  ABG 

1.0 

1  hour  postinjury 

FiOa  21%,  MIGET,  physiologic  data  recording.  Vital  sign  collection,  ABG 

2.0 

2  hours  postinjury 

Fi02  21%,  MIGET,  physiologic  data  recording.  Vital  sign  collection,  ABG,CT 

Q6 

Every  6  hours  postinjury 

Vital  sign  collection,  ABG 

24 

24  hours  postinjury 

Fi02  21%,  MIGET,  physiologic  data  recording.  Vital  sign  collection,  ABG,CT, 

termination  of  experiment,  necropsy 

TIVA,  induction  of  total  intravenous  anesthesia;  Fi02,  fraction  of  inspired  oxygen;  %ABE,  arterial  blood  gasses;  CT,  computed  tomography; 
MIGET,  multiple  inert  gas  elimination  technique. 
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Physiologic  Measurements 

Cardiac  output  (CO),  systemic  vascular  resistance,  and 
stroke  volume  were  indexed  to  body  surface  area  according  to 
Meeffs  formula:  body  surface  area  (m2)  =  0.09*(weight, 
kg)0'667.  Arterial  blood  gases  (ABG)  were  measured  with  an 
i-STAT  blood  gas  analyser  (Abbot  Laboratories,  East  Wind¬ 
sor,  NJ).  A  pulmonary  arterial  (PA)  catheter  (7  F,  Model 
41239-04-05,  Abbott,  Chicago,  IL)  was  inserted  via  the 
REJV.  Bolus  thermodilution  CO  and  pulmonary  artery  wedge 
pressure  (PAWP)  were  determined  at  each  time  point.  Elec¬ 
trocardiogram  (ECG),  pulse  oximetry  (Sp02)  (Datex  Ohmeda 
True  Tech  Plus  3900),  central  venous  pressure  (CVP),  pe¬ 
ripheral  arterial  pressure  (PAP),  and  arterial  blood  pressure 
(ABP)  waveforms  were  continuously  displayed  using  a  clin¬ 
ical  monitor  (Viridia  CMS  2000,  Boeblingen,  Germany). 
Pressures  were  transduced  (Transpac  IV,  Abbott,  Chicago, 
IL)  at  heart  level.  Physiologic  data  were  digitally  recorded  at 
specified  time  points  (Tables  1  and  2).49 

Ci2  Injury 

Inhalation  injury  occurred  in  a  dedicated  suite  under 
negative-pressure  conditions.  The  procedure  was  developed 
in  cooperation  with  the  Brooke  Army  Medical  Center  safety 
office.  Ambient  sampling  was  used  (detector  head  GM-PS- 
6A-H;  sensor  GM-CDS-6-CL10-R;  Matheson  Tri  Gas,  Chi¬ 
cago,  IL)  to  detect  gas  leaks  (none  occurred).  Personnel 
performing  Cl2  delivery  wore  full-face  fitted  gas  masks.  A 
custom  gas  mix  consisting  of  Cl2  1000  ppm,  balance  medical 
air,  was  obtained  (#G2659698,  Matheson  Tri  Gas).  Using  a 
mass  flow  blender  (MMIX-01 16-XX,  Matheson  Tri  Gas)  the 
gas  was  diluted  to  the  desired  concentration  with  100%  med¬ 
ical  02  for  phase  1  and  medical  air  for  phase  2.  Cl2  was 
delivered  via  tracheostomy  with  an  Ambu  bag  at  a  tidal 
volume  (TV)  of  1000  mL,  respiratory  rate  (RR)  of  10/min  for 
30  minutes,  yielding  300  L.  Expired  air  was  passed  through 
a  Boeringer  scavenger  to  a  charcoal  canister  (Precision  Fil¬ 
tration  Products,  Pennsburg,  PA),  and  was  evacuated  via  the 
institutional  vacuum  system.  After  exposure  to  Cl2,  the  ani¬ 
mals  were  transported  back  into  the  ICU. 

ICU  Management  Postinjury 

The  ventrally  recumbent  position  was  employed  for  all 
animals.  TIVA  with  deep  sedation  was  carried  out  during  the 
study,  rendering  most  of  the  subjects  unconscious  throughout 
the  duration  of  the  protocol.  Maintenance  intravenous  (IV) 
fluids  (lactated  Ringers  solution,  0.9%  sodium  chloride,  5% 
dextrose)  were  given  throughout  the  study:  4  mL/kg  for  the 
first  10  kg  of  body  weight,  2  mL/kg  for  the  next  10  kg,  and 
1  mL/kg  for  each  additional  kg.  Rate  was  adjusted  to  main¬ 
tain  a  0.5  to  1  mL/kg/hr  urine  output. 

Ventilator  Management 

Phase  1 

A  Servo  300-A  (Siemens-Elemia,  Sweden)  mechanical 
ventilator  was  used.  Delivered  gases  were  heated  and  humid¬ 


ified.  Volume  control  mode  was  used  with  a  standard  of  5  cm 
H20  positive  end  expiratory  pressure  (PEEP)  and  a  goal  for 
oxygenation  of  at  least  90%  by  arterial  blood  hemoglobin  02 
saturation  (Sp02  and/or  Sao2).  Settings  were  as  follows.  The 
fraction  of  inspired  02  concentration  (Fi02)  >50%,  and  was 
adjusted  to  maintain  Sp02  >90%  and  partial  pressure  of  02 
in  arterial  blood  (Pao2)  >60  mm  Hg.  The  target  for  peak 
inspiratory  pressure  (PIP)  was  <40  cm  H20.  The  target  for 
pH  was  >7.25.  Baseline  TV  settings  were  13  mL/kg.  If 
arterial  pH  was  greater  than  7.25,  TV  was  lowered  by  2  to  3 
mL/kg  steps  to  keep  PIP  below  40  cm  H20.  If  pH  was  below 
7.25,  decreases  in  TV  were  avoided,  and  a  higher  PIP  was 
accepted.  Baseline  RR  was  15/min.  TV  and  RR  were  adjusted 
to  maintain  the  arterial  level  of  C02  (PaC02)  between  30  and 
45  mm  Hg.  To  prevent  atelectasis,  when  in  hypocapnia  and 
low  to  normal  PIP,  the  RR  was  dialed  down  before  TV 
adjustments  were  made.  If  PIP  was  high,  TV  was  decreased 
first  to  keep  PIP  below  40  cm  H20  followed  by  RR  adjust¬ 
ments.  Achievement  of  these  goals  required  hourly  ventilator 
adjustments  during  the  first  6  hours  postinjury.  In  groups  1 
and  2,  semihourly  to  hourly  suctioning  had  to  be  carried  out 
in  the  first  6  hours  postinjury  with,  on  average,  2  to  4  mL  of 
tracheal  fluid  retrieved  at  each  occasion.  The  need  for  suc¬ 
tioning  and  ventilator  adjustments  became  less  frequent  after 
the  first  24  hours  postinjury  and  was  less  intense  in  more 
severely  injured  in  groups  3  and  4,  possibly  reflecting  exten¬ 
sive  necrosis. 

Phase  2 

A  humidified  circuit  was  not  used  to  avoid  condensation 
of  expired  inert  gases  and  influence  on  MIGET  results.  Fi02 
was  kept  at  21%  for  injury  and  at  all  times  when  MIGET 
sampling  took  place.  At  all  other  times,  the  approach  was 
identical  to  the  one  described  for  phase  1. 

Multiple  Inert  Gas  Elimination  Technique 

The  MIGET  was  carried  out  according  to  the  method  of 
Wagner  et  al.  Details  of  our  MIGET  technique  have  been 
described  elsewhere.51  Briefly,  a  1-L  bag  of  5%  dextrose  was 
saturated  by  six  inert  gases:  SF6,  ethane,  cyclopropane,  halo- 
thane,  ethyl  ether,  and  acetone.  This  infusate  was  adminis¬ 
tered  IV  at  a  constant  rate  of  half  the  minute  ventilation  rate 
expressed  in  mL/min.  During  sampling  time  points,  7  mL  of 
arterial  blood  and  30  mL  of  mixed  expired  air  were  collected 
into  airtight  glass  syringes.  Gas  chromatography  (GC)  was 
used  to  determine  the  levels  of  the  inert  gases  in  the  expired 
air  and  arterial  blood.  The  obtained  GC,  ABG,  oxygen  con¬ 
sumption  (V02),  carbon  dioxide  production  (VC02),  CO, 
minute  ventilation  (Ve),  body  temperature,  room  tempera¬ 
ture,  and  individual  inert  gas  solubility  data  (determined 
experimentally  for  each  of  the  gases)  were  entered  into  cus¬ 
tom  software  provided  by  Dr.  Wagner.  Mixed  venous  levels 
of  the  six  gases  were  calculated  by  the  software.  The  reten¬ 
tion  (ratio  of  the  arterial  to  mixed  venous  levels)  and  excre¬ 
tion  (ratio  of  the  expired  to  mixed  venous  levels)  of  each  gas 
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were  represented  as  a  function  of  solubility  in  blood.  Venti¬ 
lation-perfusion  (V/Q)  ratio  was  assessed  graphically  and 
numerically. 

CT  Scan  Acquisition  and  Analysis  - 

(0 

Chest  CT  scans  were  performed  at  full  inspiration  during  > 
baseline  as  well  as  2,  24,  48,  72  and  96  hours  postinjury  in 
phase  1  (Table  1)  and  at  baseline,  2,  and  24  hours  postinjury 
in  phase  2  (Table  2).  A  spiral  CT  scanner  (Aquillion  TSX- 
101A,  Toshiba,  Irvine,  CA)  was  used  and  0.5-mm  thick 
images  acquired  at  120  Kv  and  350  mA.  Semiautomated 
image  analysis  was  performed  using  the  software  package, 
3D-Doctor  (Able  Software  Corp.,  Lexington,  MA)  as  previ¬ 
ously  reported  by  our  group.52'53  The  pulmonary  parenchyma 
was  separated  into  four  regions  based  on  the  Hounsfield  unit 
(HU)  ranges  reported  by  Gattinoni  et  al.54  Hyperinflated 
(-1000  to  -900  HU),  normally  aerated  (-900  to  -500  HU), 
poorly  aerated  (-500  to  -100  HU),  and  nonaerated  areas  (-99 
to  +100  HU)  were  defined  by  the  software  in  each  of  the 
slices  for  each  of  the  lungs.  In  Phase  1  animals,  grayscale- 
density  histograms  were  constructed  and  the  severity  of  in¬ 
jury  assessed  at  baseline,  2  hours,  and  24  hours  postinjury 
using  a  single  CT  scan  slice  obtained  1  to  2  cm  above  the 
diaphragm,  which  has  been  reported  to  be  representative  of 
overall  injury  severity  in  ARDS.55  The  single  slice,  obtained 
and  analyzed  in  our  study,  resided  in  close  vicinity  to  the  area 
where  histologic  samples  were  taken  from  the  right  middle 
lobe. 

Experiment  Termination,  Necropsy,  and  Specimen 
Collection 

Animals  were  euthanized  96  hours  after  injury  in  phase 
1  and  24  hours  after  injury  in  phase  2  (or  sooner  in  the  event 
of  imminent  death  [MAP  <30  mm  Hg  for  30  minutes])  by  an 
overdose  of  sodium  pentobarbital  (Fatal-Plus,  Dearborn,  MI). 

Dorsal  sections  of  the  middle  lobe  in  the  right  lung  were 
harvested,  fixed  in  formalin,  and  processed  for  hematoxylin 
and  eosin  staining  and  light  microscopical  examination.  For 
five  animals  in  phase  2,  the  volumes  of  pleural  effusions  were 
measured  and  the  respective  protein  contents  determined. 

Statistics 

SPSS  version  10.1  (Chicago,  IL)  and  Microsoft  Excel 
(Redmond,  WA)  were  used  for  analysis.  For  phase  1,  survival 
was  assessed  at  96  hours.  Survival  data  were  subjected  to 
stepwise  logistic  regression  analysis  (backwards  likelihood 
ratio  method)  to  generate  a  model  predictive  of  survival  under 
conditions  of  this  study.  Kaplan-Meier  analysis  was  per¬ 
formed  to  examine  the  effect  of  dose  on  survival  time.  Phys¬ 
iologic  data  from  phases  1  and  2  were  analyzed  by  repeated 
measures  analysis  of  variance  (ANOVA),  General  Linear 
Model.  For  phase  1,  post-hoc  Dunnett’s  1  tests  were  used  to 
compare  each  injured  group  to  the  control  group  at  each  time 
point.  For  phase  2,  the  smaller  number  of  control  animals 
(five)  mandated  that  post-hoc  paired-samples  1  tests  be  used 


Predicted  survival 


Chlorine  dose,  ppm 

Fig.  1.  Phase  1:  The  calculated  LD50  based  on  this  model  was  280 
ppm,  as  can  be  estimated  by  visual  inspection  of  this  graph. 

to  compare  each  group’s  values  at  1  and  24  hours  after  injury 
to  baseline  conditions;  p  values  were  Bonferroni-corrected 
for  two  nonorthogonal  comparisons.  Data  are  presented  as 
means  ±  SEM.  Significance  was  accepted  at  p  <  0.05. 

RESULTS 
Phase  1 

A  total  of  1,761  hours  of  ICU  time  were  used  to  complete 
the  phase  1  of  this  study.  All  animals  in  Groups  1  and  2  lived 
through  96  hours.  Logistic  regression  analysis  produced  the 
following  equation  predictive  of  survival  to  96  hours: 

p  (survival)  =  ek/(l+ek),  where  k  =  -0.014  X  dose  +  3.939 

Based  on  this  equation,  the  lethal  dose  50%  (LD  50)  was 
determined  to  be  280  ppm  (Fig.  1).  Kaplan-Meier  analysis 
was  used  to  examine  the  effect  of  dose  on  survival  time.  For 
this  analysis,  0-ppm  and  120-ppm  animals  (Groups  1  and  2), 
none  whom  died  before  96  hours,  were  considered  together 
and  a  significant  effect  of  dose  on  survival  time  was  found 
leading  to  a  survival  of  5  of  1 1  subjects  in  group  3  (240  to  350 
ppm)  and  only  2  of  12  subjects  in  group  4  (400  to  500  ppm) 
(Fig.  2). 

Pao2-to-Fi02  ratio  (PFR)  was  well  preserved  in  the  me¬ 
chanically  ventilated  control  group  throughout  the  96-hour 
study.  Dose-related  decreases  in  PFR  were  evident  immedi¬ 
ately  after  injury  (Fig.  3).  In  Group  2,  these  values  reached 
ALI  levels  (PFR  <3.0)  at  the  2-hour  point  and  on  average 
remained  in  this  range  throughout  the  study.  Group  3  and  4 
values  reached  ARDS  levels  (PFR<2.0)  at  the  2-hour  point 
and  in  general  remained  at  this  level  in  survivors  for  96  hours. 
In  all  injured  groups,  the  time  course  for  this  variable  was 
biphasic:  there  was  a  nadir  at  2  hours,  followed  by  a  partial 
recovery  by  about  10  to  24  hours,  followed  by  a  decline. 
Changes  in  blood  pressure  followed  a  similar  time  course. 
Mean  arterial  pressure  (MAP)  was  fairly  constant  in  control 
animals  (Table  3).  Injury  produced  a  dose-related  drop  in 
MAP.  MAP  in  less  severely  injured  animals  in  Group  2 
recovered  more  quickly  (by  18  hours)  than  in  surviving  ani- 
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Fig.  2.  Phase  1:  Kaplan-Meier  survival  cunes.  Groups  1  and  2,  0 
to  120  ppm;  group  3,  240  to  350  ppm;  group  4,  400  to  500  ppm. 
Log-rank  test,  p  <  0.0001  for  overall  comparison;  Group  1  and  2 
versus  Group  3,  p  =  0.0032;  Group  1  and  2  versus  Group  4,  p  < 
0.0001;  Group  3  versus  Group  4,  p  =  0.0291. 

mals  in  Groups  3  and  4,  where  it  returned  to  control  levels  by 
48  hours.  A  similar  phenomenon  was  observed  for  the  cardiac 
index  (Table  3)  and  the  stroke  volume  index  (data  not 
shown).  Tachycardia  was  not  seen;  in  fact,  there  was  a  sta¬ 
tistically  nonsignificant  decrease  in  heart  rate  with  injury. 
The  systemic  vascular  resistance  index  (SVRI)  appeared  to 
increase  slightly  with  injury,  although  this  change  was  not 
significant  (Table  3).  PIP  increased  during  the  course  of  the 
study  when  compared  to  controls  in  animals  in  Groups  3  and 
4  (Table  3).  By  the  end  of  the  study,  the  PIP  in  group  3 
returned  to  control  levels,  whereas  in  group  4  PIP  levels 
remained  significantly  elevated  (Table  3).  Changes  in  PaC02, 
PAP,  and  PAWP  were  not  significant  (data  not  shown). 

Pa02-to-Fi02  Ratio 


Time  after  injury,  hours 

Fig.  3.  Phase  1:  Pao2-to  Fi02  ratio  (PFR)  as  a  function  of  time 
after  injury  for  four  dose  groups.  O  Group  1,  0  ppm;  •  Group  2, 
120  ppm;  ▲  Group  3,  240  to  350  ppm;  ■  Group  4,  400  to  500  ppm. 
See  also  Table  3  for  statistical  significance  of  these  differences. 


CT  scan  analysis  data  obtained  from  the  baseline,  2-hour, 
and  24-hour  postinjury  time  points  in  phase  1  are  shown  in 
Table  4.  This  table  gives  the  fraction  of  the  total  number  of 
pixels  consistent  with  hyperaerated,  normally  aerated,  poorly 
aerated,  or  nonaerated  tissue  in  each  lung  slice  examined. 
Exposure  to  Cl2  decreased  the  fraction  of  normal  lung  tissue 
by  2  hours,  which  persisted  at  24  hours.  The  decrease  in 
normal  lung  tissue  was  particularly  marked  in  Group  4.  Con¬ 
comitantly,  there  was  an  increase  in  poorly  and  nonaerated 
lung  tissue. 

As  illustrated  in  Figure  4,  exposure  to  Cl2  led  to  the 
development  of  characteristic  “window-frost”  or  “feathery” 
density  distributions  along  the  bronchial  tree.  At  2  hours 
postinjury,  animals  developed  ARDS,  featuring  ground  glass 
opacification  and  patchy  consolidation.  Cl2  inhalation  re¬ 
sulted  in  the  development  of  a  characteristic  ARDS  feature:  a 
marked  downsizing  of  the  volume  of  normal  lung  that  has 
been  termed  “baby  lung.”56  With  time,  further  progression  of 
the  disease  could  be  traced  as  the  densities  broadened,  be¬ 
came  confluent  and  culminated  in  widely  spread  consolidated 
areas.  Bilateral  pleural  effusions  were  evident  (Fig.  4,  C  to  F). 

In  controls,  as  well  as  at  baseline  time  points  for  all 
animals,  density-based  analysis  of  single-slice  CT  scans  re¬ 
vealed  the  pulmonary  parenchyma  to  be  almost  fully  allo¬ 
cated  within  the  normally  aerated  compartments  (HU:  -900 
to  -500).  With  progression  of  time  in  the  uninjured  animals, 
this  unimodal  pattern  remained  the  same  (Fig.  5A).  In  those 
injured,  a  rightward  shift  along  the  histogram  was  evident  and 
a  bimodal  graphical  appearance  emerged,  representing  an 
increase  in  poorly-  and  nonaerated  areas  within  the  lung  (Fig. 
5B). 

Phase  2 

A  total  of  408  hours  of  ICU  time  were  required  to 
complete  phase  2.  All  phase  2  animals  survived.  CT  and 
physiologic  data  in  phase  2  followed  the  same  trends  as  in 
phase  1 ;  however,  changes  were  less  marked,  reflecting  lesser 
injury  (data  not  shown).  Pa02  was  nearly  halved  at  30  min¬ 
utes  and  continued  to  drop  reaching  a  nadir  at  2  hours  (Table 
5).  As  in  phase  1,  there  was  an  improvement  in  Pao2  around 
12  to  24  hours,  returning  to  levels  not  significantly  different 
from  baseline  by  24  hours  in  the  60-ppm  group  (Table  5).  The 
most  striking  finding  from  the  MIGET  analysis  was  an  early 
increase  in  blood  flow  to  the  true  shunt  compartment  in  both 
injury  groups,  which  was  sustained  through  24  hours  (Table 
5,  Fig.  6).  There  was  also  an  increase  in  blood  flow  to  the 
very  low  (V/Q  0  to  0.01)  and  low  (V/Q  0.01  to  0.1)  com¬ 
partments,  which,  by  contrast  with  true  shunt,  resolved  by  24 
hours  (Table  5,  Fig.  6).  This  redistribution  of  blood  flow  to 
shunt,  very  low,  and  low  V/Q  compartments  occurred  at  the 
expense  of  blood  flow  to  the  normal  V/Q  compartment  (V/Q 
0.1  to  1).  Meanwhile,  blood  flow  to  the  high  (V/Q  1  to  10) 
and  very  high  (V/Q  10  to  100)  compartments  increased  in 
group  6  but  did  not  change  in  group  7  (Table  5).  Marked 
dispersion  and  skewness  of  V/Q  distributions  were  present 
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Table  4  Phase  1:  Computed  Tomography  Scan  Data 


Variable 

Group 

Baseline 

2  Hours 

24  Hours 

Hyper 

i 

0.12 

+ 

.04 

0.19 

-F 

0.03 

0.17 

±  0.03 

2 

0.01 

-F 

0.01 

0.04 

0.01* 

0.01 

±  0.01* 

3 

0.15 

-F 

0.03 

0.09 

0.01* 

0.07 

±  0.02* 

4 

0.19 

-F 

0.01 

0.11 

-F 

0.01  * 

0.04 

±  0.01* 

Normal 

1 

0.78 

-F 

0.02 

0.73 

-F 

0.01 

0.76 

±  0.02 

2 

0.78 

-F 

0.08 

0.42 

-F 

0.03* 

0.37 

±  0.04* 

3 

0.69 

+ 

0.03 

0.48 

0.06* 

0.45 

±  0.08* 

4 

0.73 

-F 

0.01 

0.42 

-F 

0.02* 

0.25 

±  0.05* 

Poor 

1 

0.07 

+ 

0.01 

0.06 

0.02 

0.05 

±  0.01 

2 

0.15 

-F 

0.07 

0.21 

-F 

0.04t 

0.17 

±  0.02 

3 

0.12 

-F 

0.03 

0.20 

-F 

0.03* 

0.15 

±  0.02* 

4 

0.05 

-F 

0.01 

0.27 

-F 

0.02* 

0.24 

±  0.03* 

Non 

1 

0.03 

-F 

0.01 

0.02 

0.01 

0.02 

±  0.01 

2 

0.06 

-F 

0.01 

0.33 

0.02* 

0.45 

±  0.04* 

3 

0.04 

+ 

0.01 

0.23 

0.05* 

0.33 

±  0.08* 

4 

0.03 

-F 

0.00 

0.20 

-F 

0.02* 

0.49 

±  0.06* 

Group  1  is  sham  injury,  group  2  is  120  ppm,  group  3  is  240  to  350  ppm,  group  4  is  400  to  500  ppm.p  values  from  Dunnet’s  t  test,  comparing 
groups  2,  3,  and  4  to  group  1 . 

Hyper,  fraction  of  pixels  in  the  lung  slice  with  Hounsfield  Unit  (HU)  values  in  the  hyperaerated  range;  normal,  fraction  of  pixels  in  the  normally 
aerated  range;  poor,  fraction  of  pixels  in  the  poorly  aerated  range;  non,  fraction  of  pixels  in  the  nonaerated  range. 

*p  <  0.001. 

*p  <  0.01. 

*p  <  0.05. 


after  Cl2  inhalation  as  evidenced  by  increased  log  SDQ  above 
0.6  (normal  level)57  and  in  many  cases  above  2.0,  attesting  to 
injury  severity  (Table  5).  Figure  6  depicts  examples  of  V/Q 
changes  over  time  in  an  injured  subject.  Increases  in  dead 
space  ventilation  and  diffusion  limitation  were  not  features  of 
this  injury.  The  excellent  correlation  (r2=0.9959)  between 
the  measured  arterial  p02  and  the  arterial  p02  predicted  by 
the  MIGET  proves  that  full  alveolar  arterial  equilibration 
took  place  at  times  of  sampling  (Fig.  7),  thus  excluding 
diffusion  limitation  as  a  cause  of  hypoxia  in  this  model. 

Pathology  Results 

Histopathologically,  both  small  airway  and  alveolar-cap- 
illary  membrane  lesions  were  observed.  The  histologic  fea¬ 
tures  in  animals  exposed  to  60  to  120  ppm  (Fig.  8,  A  and  B 
for  an  example  of  changes  in  an  animal  exposed  to  120  ppm) 
were  localized  regional  necrosis  of  bronchiolar  epithelium 
with  variable  congestion  of  capillaries,  edema,  fibrin  deposi¬ 
tion,  and  acute  inflammation.  In  phase  1,  in  survivors,  mac¬ 
rophages  became  more  prevalent  in  the  inflammatory  re¬ 
sponse  and  some  bronchiolar  epithelial  regeneration  was 
present;  however,  alveolar  edema  persisted.  Lesions  became 
more  penetrating  and  widespread  with  increasing  injury  se¬ 
verity  (Fig.  8).  When  exposed  to  higher  doses  of  Cl2  (Fig.  8, 
C  and  D;  nonsurvivor  shown),  necrosis,  edema,  fibrin  depo¬ 
sition,  and  inflammation  all  extended  into  the  adjacent  alve¬ 
oli,  and  lesions  developed  that  involved  entire  lung  sections. 
The  amount  of  edema  and  necrosis  increased  as  a  function  of 
injury  severity  and  time.  Pleural  effusions  were  a  consistent 
finding  in  all  groups  (mean  protein  content  3  ±  0.21  g/dL) 
as  measured  in  five  of  the  phase  2  animals.  The  mean  volume 


of  these  exudates  was  121.6  ±  19.39  mL  and  41.7  ±  10.7 
mL  in  the  right  and  left  hemithoraxes,  respectively,  further 
substantiating  our  empirical  observation  that  a  systematic 
preponderance  of  the  injury  to  the  right  lung  took  place. 

DISCUSSION 

In  sheep,  exposure  to  Cl2  resulted  in:  1)  pathophysiologi- 
cally,  the  development  of  true  shunt  and  V/Q  mismatch;  2) 
clinically,  a  dose-dependent  decrease  in  PFR,  transient  hypo¬ 
tension  and  decreased  cardiac  output;  and  3)  morphologi¬ 
cally,  a  typical  “feathery”  appearance  on  CT  with  progressive 
development  to  confluent  consolidation  in  the  lung,  reflecting 
extensive  alveolar  flooding  and  necrosis.  In  this  model,  Cl2 
inhalation  injury  led  to  a  rapid  and  dose-dependent  develop¬ 
ment  of  ARDS  with  an  estimated  lethal  dose  50%  of  280  ppm 
at  96  hours.  In  humans,  levels  of  46  to  60  ppm  have  resulted 
in  toxic  pneumonitis  and  pulmonary  edema,  430  ppm  was 
lethal  after  30  minutes,  and  1,000  ppm  caused  death  within  a 
few  minutes.1  In  their  porcine  large-animal  model  of  Cl2 
injury,  Gunnarsson  et  al.  reported  a  50%  mortality  at  6  hours 
after  exposure  to  140  ppm  using  20-kg  pigs.25  Our  LD50  was 
higher,  possibly  reflecting  differences  in  patient  management 
and/or  in  interspecies  tolerance  to  the  injury. 

Cl2  exposure  involves  a  variety  of  moieties  such  as 
elemental  Cl2,  hydrochloric  acid,  hypochlorous  acid,  and 
chloramines.27  Cl2  is  rapidly  hydrolized  into  hypochlorous 
acid,  which  may  act  as  one  of  the  mediators  of  Cl2  toxicity58 
damaging  cellular  integrity,2  reacting  with  sulfhydryl  groups 
in  proteins,"  and  inhibiting  enzymes.  ’  Disruption 
of  cell-wall  integrity  and  increased  permeability59  can  also 
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Fig.  4.  Lung  computed  tomography.  Progression  of  injury  over  time  in  an  injured  animal  (#109,  400  ppm,  survivor).  (A)  Baseline,  PFR=500, 
normal  lung.  (B)  2-hour  postinjury,  PFR—132,  Cl2-induced  ARDS.  Note  the  “window  frost”  or  “feathery”  appearance  of  increased  density 
areas  along  the  bronchial  tree;  (arrows)  diffuse  parenchymal  inhomogeneity;  marked  decrease  in  the  volume  of  normally  aerated  lung.  (C) 
24-hour  postinjury,  PFR  =  212.  Confluent  gravity-dependent  consolidation  and  ground  glass  opacification  with  predominance  to  the  right 
lung;  bilateral  pleural  effusion.  (D)  48-hour  postinjury,  PFR=116.  “Feathery”  and  confluent  consolidation,  pleural  exudates.  (E)  48-hour 
postinjury,  PFR=52.  Same  features  as  in  (D).  Note  the  gravity-independent  distribution  of  consolidated  areas.  Improved  local  lung  aeration 
on  the  right  side.  (F)  96-hour  postinjury,  PFR=49.  Identical  features  as  in  (E).  Further  improvement  in  aeration  (arrow).  End  of  study. 


cause  edema  and  direct  local  tissue  destruction3'5  and  clini¬ 
cally  may  yield  to  hypoxia. 

Hypoxia  is  the  hallmark  of  Cl2  inhalation  injury.27  The 
specific  cause  of  hypoxia  is  underinvestigated.  Shimazu  et 
al.,  using  MIGET,  found  that  V/Q  mismatch,  more  than  an 
increase  in  true  shunt,  accounted  for  the  hypoxia  secondary  to 
smoke  inhalation.62  In  their  pig  model,  Gunnarson  et  al. 
suggested  that  significant  V/Q  mismatching  may  account  for 


the  decrease  in  oxygenation  seen  in  Cl2  injury.25  Increased 
true  shunt  with  little  or  no  blood  flow  increase  to  the  low  V/Q 
areas  were  implicated  in  alloxan  and  oleic  acid  canine  models 
of  ARDS63  64  as  well  as  in  a  porcine  model  of  unilateral 
pulmonary  contusion  by  Proctor  et  al.65  and  an  adaptation  of 
that  model  by  our  laboratory  (unpublished  data).  Our  MIGET 
findings  suggest  that  hypoxia  secondary  to  Cl2  is  caused  by  a 
more  penetrating  and  multifactorial  injury  than  smoke  inha- 


Hounsfield  Units  (HU)  Hounsfield  Units  (HU) 

Fig.  5.  Phase  1:  One-slice  CT  histogram  analysis  of  right  lung  slices  from  1  to  2  cm  above  the  diaphragm.  (A)  Control  animals.  Most  of  the 
lung  tissue  is  well  aerated  as  evidenced  by  the  unimodal  distribution  of  aeration  zones  within  the  -900  to  -500  compartment.  Minimal  amount 
of  poorly  (HU  window  of -500  to  -100)  and  nonaerated  (HU  window  of -100  to  100)  lung.  (B)  Injured  animals,  Group  4.  Note  a  rightward 
shift  in  the  density  distribution  representing  developed  poorly  and  nonaerated  compartments  in  the  lung. 
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Table  5  Phase  2:  MIGET  DATA 


Variable  Group  Baseline  30  Minutes  1  Hour  2  Hours  24  Hours 


Pa02 

5 

97.3 

4.0 

100.1 

-I- 

6.7 

99.9 

+ 

8.2 

102.0 

4.9 

87.1 

±  2.0 

6 

92.1 

2.3 

55.0 

-I- 

5.6 

49.8 

-+- 

6.2* 

47.3 

3.3 

70.2 

±  15.0 

7 

92.3 

6.7 

48.6 

+ 

5.2 

40.9 

+ 

2.7* 

44.4 

3.7 

59.0 

±  6.2* 

5 

1.02 

0.27 

1.58 

0.55 

2.13 

-+- 

0.86 

2.08 

+ 

0.90 

2.38 

±  0.88 

6 

2.02 

-+- 

0.67 

14.18 

4.37 

33.22 

-+- 

4.39* 

45.22 

+ 

4.93 

39.84 

±  6.07* 

7 

3.31 

0.73 

23.13 

8.78 

37.17 

-+- 

7.07* 

45.24 

6.48 

44.50 

±  6.66* 

Q  V/Q  0  to  0.01 

5 

0.00 

0 

0.00 

-I- 

0 

0.00 

-+- 

0 

0.00 

0 

0.00 

±  0 

6 

0.00 

0 

10.72 

-I- 

1.94 

8.28 

+ 

2. 22* 

1.26 

0.83 

0.32 

±  0.32 

7 

0.00 

0 

9.93 

-I- 

1.18 

9.83 

+ 

1.22* 

4.66 

-t- 

0.95 

0.79 

±  0.48 

Q  V/Q  0.01  to  0.1 

5 

0.00 

-+- 

0 

0.00 

0 

0.00 

-t- 

0 

0.00 

+ 

0 

0.00 

±  0 

6 

4.22 

2.01 

13.64 

3.93 

8.82 

-+- 

2.76 

0.94 

-t- 

0.65 

1.50 

±  1.03 

7 

1.47 

0.85 

16.16 

1.14 

12.96 

-+- 

2. 68* 

5.76 

+ 

1.74 

1.61 

±  0.96 

Q  V/Q  0.1  to  1 

5 

90.12 

3.14 

92.75 

-I- 

4.21 

93.13 

+ 

4.20 

92.62 

2.26 

84.68 

±  7.09 

6 

87.60 

3.29 

49.78 

-I- 

9.50 

39.50 

-+- 

8.51  * 

39.98 

-t- 

7.92 

35.06 

±  8.07* 

7 

88.44 

2.44 

35.99 

-I- 

9.27 

25.14 

+ 

4.97* 

21.89 

3.55 

36.34 

±  7.39* 

Q  V/Q  1  tolO 

5 

8.64 

3.32 

5.48 

4.50 

4.53 

-+- 

4.43 

5.10 

+ 

2.55 

12.86 

±  6.80 

6 

6.12 

-+- 

1.97 

11.00 

2.52 

9.48 

-+- 

2.15* 

11.62 

+ 

2.57 

22.74 

±  5.37* 

7 

14.89 

-+- 

8.73 

13.97 

3.52 

14.43 

-+- 

2.31 

21.07 

+ 

4.02 

16.40 

±  1.71 

Q  V/Q  10  to  100 

5 

0.16 

0.08 

0.18 

-I- 

0.18 

0.20 

+ 

0.07 

0.16 

-t- 

0.07 

0.10 

±  0.10 

6 

0.00 

0 

0.66 

-I- 

0.20 

0.76 

+ 

0.08* 

0.96 

0.23 

0.52 

±  0.29 

7 

0.36 

0.15 

0.84 

-I- 

0.15 

0.47 

-+- 

0.17 

1.41 

0.37 

0.30 

±  0.17 

Mean  Q 

5 

0.62 

-+- 

0.01 

0.58 

0.06 

0.58 

-+- 

0.06 

0.61 

0.05 

0.57 

±  0.10 

6 

0.39 

-+- 

0.03 

0.24 

-+- 

0.07 

0.26 

-+- 

0.07 

0.61 

+ 

0.05 

0.87 

±  0.15* 

7 

0.49 

-+- 

0.05 

0.19 

0.03 

0.21 

-+- 

0.03* 

0.55 

+ 

0.13 

0.68 

±  0.06 

logSDQ 

5 

0.45 

0.04 

0.40 

+ 

0.05 

0.42 

+ 

0.02 

0.39 

0.04 

0.51 

±  0.04 

6 

0.70 

0.10 

1.84 

+ 

0.17 

1.81 

-+- 

0.27* 

1.13 

0.25 

0.89 

±  0.23 

7 

0.61 

0.06 

2.93 

+ 

0.83 

2.21 

+ 

0.07* 

1.96 

0.15 

1.08 

±  0.18* 

Skewness  Q 

5 

0.20 

-+- 

0.07 

0.18 

0.12 

0.25 

-t- 

0.08 

0.18 

+ 

0.08 

0.05 

±  0.07 

6 

-0.09 

-+- 

0.07 

-2.64 

1.67 

-2.70 

-+- 

1.44 

-2.14 

1.93 

-1.27 

±  1.50 

7 

0.15 

0.17 

-1.22 

1.86 

-3.54 

-+- 

1.13* 

-5.62 

+ 

0.90 

-1.74 

±  0.97 

Group  5  is  sham  injury,  group  6  is  60  ppm,  group  7  is  90  ppm.  p  values  are  for  post-hoc  paired-samples  t  tests,  comparing  data  at  hour 
1  and  hour  24  to  hour  0. 

*p  <  0.05. 

*p  <  0.01. 

*p  <  0.001 . 

Pa02,  partial  pressure  of  oxygen  in  arterial  blood,  mm  Hg;  Q  true  shurlt,  percentage  of  the  cardiac  output  (Q)  pertaining  to  the  true  shunt 
compartment,  V/Q=0;  Q  V/Q  0  to  0  01,  Q  to  the  compartment  for  which  the  V/Q  ratio  is  between  0  and  0.01 ,  etc;  Mean  V/Q,  mean  value  of  V/Q  on 
a  logarithmic  scale  for  the  function,  Q  =  f(V/Q)  (see  text);  logSDQ,  second  moment  (logarithmic  standard  deviation)  of  this  function;  skewness 
Q,  third  moment  of  this  function. 


lation  as  it  causes  both  small  airway  injury  (manifested  by 
V/Q  mismatch)  and  alveolar  injury  (manifested  by  develop¬ 
ment  of  true  shunt).  MIGET  data  presented  here  are  reminis¬ 
cent  of  human  studies  of  ARDS  in  which  the  injury  is  seen  as 
multifactorial,  involving  shunting,  alveolar  flooding  and  V/Q 
mismatch66  with  distribution  of  blood  flow  to  low  V/Q 
areas.66'67  Low  V/Q  areas  in  ARDS  may  represent  alveoli 
that  are  poorly  ventilated  (edematous  and/or  partially 
flooded)  but  still  perfused.66'67  This  pool  of  unstable  alveoli 
could  become  either  completely  atelectatic  (adding  to  the 
amount  of  true  shunt)  or,  if  recruited,  subsequently  provide 
for  areas  of  normal  V/Q  matching.66  The  latter  may  have 
accounted  for  the  transient  relative  improvement  in  oxygen¬ 
ation  occurring  between  2  hours  and  24  hours  in  phase  2.  This 
can  be  inferred  from  the  MIGET  results  that  revealed  the 
blood  flow  to  low  and  very  low  V/Q  areas  seen  during  the  2 
hours  postinjury  to  be  absent  at  24  hours.  We  propose  that 
before  the  final  decline  in  oxygenation  took  place,  the  poten¬ 


tially  recruitable  alveoli  became  fully  engaged  in  oxygen¬ 
ation,  leading  to  improvements  in  PFR.  Recruitment  of  these 
“unstable”  alveoli  with  PEEP  may  have  therapeutic 
implications.68 

Reports  on  roentgenographic  findings  in  CL-induced 
ALI  have  not  been  consistent,  generally  suggesting  lower 
airway  injury3  and  citing  vascular  congestion,  patchy  consol¬ 
idation  and  pulmonary  edema  as  morphologic  features.27  To 
our  knowledge,  ours  is  the  first  study  utilizing  quantitative 
evaluation  of  density  distributions  following  Cl2  inhalation 
injury.  The  “window-frost”  or  “feathery”  density  pattern  re¬ 
ported  here  is  a  visual  manifestation  of  the  peribronchial 
edema  indicative  of  small  airway  injury.  These  radiologic 
patterns  may  be  an  early  and  distinctive  feature  of  corrosive 
penetrating  alveolar  injuries  caused  by  hydrophilic  agents 
such  as  Cl2.  With  time,  these  initial  features  develop  into 
widely  distributed  ground-glass  opacification  and  pulmonary 
consolidation.  The  total  consolidation  in  ARDS  has  been 
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Fig.  6.  Distributions  of  ventilation  (V)  and  perfusion  (Q)  as  a  function  ofV/Q  ratio  in  an  animal  exposed  to  90  ppm  of  Cl2.  (A)  Baseline. 
V/Q  ratio  is  normal  and  centered  around  1.  V  and  Q  distributions  are  well  matched  and  the  amount  of  true  shunt  is  low  and  within  normal 
physiologic  limits.  (B)  2  hours  postinjury.  Note  severe  V/Q  mismatch,  blood  flow  to  very  low  and  low  V/Q  areas  and  a  true  shunt  of  68% 
of  CO,  marked  dispersion  (scatter)  and  skewness  of  the  V  and  Q  distributions.  (C)  24-hours  postinjury.  Shunt  remained  unchanged  however 
the  V/Q  matching  improved  as  the  blood  flow  to  low  and  very  low  V/Q  areas  became  redistributed  to  normally  aerated  segments  of  the  lung. 


found  to  be  correlated  with  Pao2  and  shunt  fraction.55  Our 
histographic  analysis  showed  predominantly  bimodal  density 
distributions  as  a  reflection  of  developing  ground  glass  opaci¬ 
fication  (likely  representing  edema  and  atelectasis)  and  some 
gravity-dependent  and  independent  consolidation  (signs  of 
alveolar  injury  and  flooding),  all  attesting  to  the  severe  pul¬ 
monary  inhomogeneity  post-Cl2  injury.  Indeed,  Gattinoni  et 
al.  and  Maunder  et  al.  found  that  the  lung  in  ARDS  is 
inhomogeneous.69'70  When  one  considers  the  patchy  mosaic 
of  the  alternating  unaffected  areas  versus  the  unventilated/ 
consolidated  areas  typically  seen  in  ARDS,  one  should  expect 
most  of  the  TV  to  be  delivered  to  the  ventilated  lung  areas, 
thus  accentuating  volu-  and  barotrauma  and,  arguably,  result¬ 
ing  in  hyperinflation  of  these  open  lung  units.71  72  The  lung 
units  available  for  ventilation  in  ARDS  have  been  called 
“baby  lung,”  referring  to  their  small  volume  compared  with 
normal  lung  volume.  Importantly,  this  diminished  lung  has 
been  described  as  small  rather  than  stiff.56  The  TV  redistri¬ 
bution  into  a  small  volume  postinjury  appears  to  be  crucial  in 
the  accentuation  of  the  ventilator-induced  insult  in  ARDS  and 
has  been  suggested  to  be  a  causative  factor  in  the  develop¬ 
ment  of  emphysema-like  air-space  enlargement,  pseudocysts, 
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Fig.  7.  Measured  Pao2  plotted  against  the  Pao2  predicted  by 
MIGET  t2  =  0.7956,  n  =  164.  (see  text). 


and  bronchiectasis  as  manifestations  of  barotrauma  in  pa¬ 
tients  with  severe  ARDS.73 

Histopathologically,  Cl2-induced  pulmonary  injury  was 
less  severe  and  more  localized  in  phase  2,  most  likely  as  a 
reflectance  of  exposure  to  lower  doses  of  Cl2.  Findings  in¬ 
cluded:  edema,  vascular  congestion,  and  acute  inflammation 
with  some  bronchiolar  epithelial  regeneration.  When  exposed 
to  increasing  doses  of  Cl2,  the  necrosis,  edema,  fibrin  depo¬ 
sition  and  inflammation  extended  into  the  adjacent  alveoli 
with  the  most  severe  lesions  involving  entire  lung  sections. 
Others  have  reported  on  similar,  but  nonspecific  findings.74 
Canine  studies  published  by  Winternitz  in  192075  showed 
histopathologic  progression  through  several  stages,  from  lung 
edema  and  acute  alveolar  inflammation  through  pulmonary 
congestion  and  hemorrhage  and  into  extensive  bronchiolar 
mucosal  destruction,  atelectasis,  pneumonia,  and  obliterative 
bronchiolitis.  Gunnarsson  et  al.  stated  that  the  exposure  of 
distal  airways  to  Cl2  could  have  caused  increased  capillary 
leakage  and  extravasation  of  fluids  as  mechanisms  of  the 
injury.30  The  latter  may  lead  to  the  development  of  pleural 
effusions,76-78  attesting  to  inadequacy  of  natural  pathways 
for  the  resolution  of  pulmonary  edema.79 

As  is  true  for  any  model,  ours  had  its  limitations.  General 
anesthesia  has  been  reported  to  influence  gas  exchange,  pul¬ 
monary  circulation,  and  airway  secretion  clearance 
mechanisms.80  It  is  unknown  if  TIVA  used  in  our  study 
caused  similar  effects.  Mechanical  ventilation  most  likely  had 
an  effect  in  our  study  and  prevented  the  animals’  natural 
defense  mechanisms — such  as  apnea,  shallow  breathing, 
coughing,  and  sneezing — from  acting  in  face  of  exposure  to 
a  potent  irritant  such  as  Cl2.  Bypassing  of  the  upper  respira¬ 
tory  tract  via  tracheostomy  probably  led  to  the  lung  being 
exposed  to  a  higher  gas  concentration,  because  Cl2  could  not 
have  been  cleared  from  the  inhaled  air  by  the  respiratory 
mucosa.58  Ventilator-associated  lung  injury  may  have  been  a 
significant  factor  in  this  injury  model  as  evidenced  by  the 
visual  presence  of  the  hyperinflated  areas  and  air  trapping  in 
the  CT  scans.  Finally,  although  the  purposeful  standardiza- 
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Fig.  8.  Histologic  progression  of  Cl2-induced  lung  injury  (H&E).  (A)  120-ppm  dose.  Note  extensive  airway  edema,  mild  acute  inflammation, 
necrosis  of  bronchiolar  epithelium  and  diffuse  capillary  congestion.  (B)  120-ppm  dose.  Note  organizing  fibrino-celhdar  debris  in  bronchiolar 
and  alveolar  lumens.  There  is  necrosis  and  loss  of  the  bronchiolar  epithelium  with  incomplete  squamous  regeneration.  Thickening  of  the 
alveolar  septa  present  and  mild  inflammatory  response  are  present.  (C)  Severe  injury,  nonsurvivor,  500  ppm,  21  hours  after  injury.  Diffuse 
complete  necrosis  of  bronchioles  and  alveolar  septa.  Prominent  diffuse  capillary  congestion,  acute  inflammation  and  edema.  (D)  Severe 
injury,  nonsurvivor,  240  ppm,  40  hours  postinjury.  Diffuse  complete  necrosis  of  all  structures  present.  Marked  thickening  of  alveolar  septa 
and  filling  of  the  alveolar  and  bronchial  lumen  with  necrotic  debris  and  inflammatory  cells. 


tion  to  a  single  injurious  agent  in  this  inhalation  injury  model 
has,  in  comparison  to  smoke  models,  led  to  advantages  in  the 
reproducibility  of  the  injury,  it  could  also  be  argued  that  the 
work  is  mostly  applicable  to  severe  cases  of  Cl2  inhalation 
injury  in  unconscious  spontaneously  breathing  subjects. 

CONCLUSIONS 

The  findings  presented  in  this  manuscript  may  further 
our  understanding  of  Cl2  injury  in  particular  and  of  ARDS 
secondary  to  exposure  to  toxic  hydrophilic  gases.  Cl2  causes 
an  injury  with  features  seen  in  both  smoke  inhalation  (small 
airway  lesions  manifested  by  V/Q  mismatch)  and  in  ARDS 
secondary  to  systemic  disease  and  pulmonary  contusion  (al¬ 
veolar-endothelial  lesions  featuring  an  increase  in  true  shunt). 
The  results  of  this  study  also  support  the  current  view  that  the 
lung  in  ARDS  may  be  severely  inhomogeneous,  thus  reiter¬ 
ating  the  importance  of  judicious  use  of  supplemental  02, 
PEEP  and,  most  importantly,  application  of  small  tidal  vol¬ 
ume  ventilation  as  an  approach  to  decreasing  mortality  and  as 
a  means  for  lung  rest.  Further  studies  will  be  directed  at 
understanding  the  biochemistry  of  chlorine  injury  and  at 
exploring  new  treatment  modalities. 
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DISCUSSION 

Dr.  Saman  Arbabi  (Ann  Arbor,  Michigan):  Drs. 
Batchinsky,  Cancio,  and  colleagues  have  characterized  an 
animal  model  of  ARDS  in  response  to  chlorine  gas  inhala¬ 
tion. 

The  severity  of  injury  can  be  adjusted  depending  on 
chlorine  gas  concentration,  and  the  model  appears  to  be 
reproducible.  The  authors  have  done  detailed  studies  to  de¬ 
fine  the  pathophysiological  response  to  injury  as  it  correlates 
to  outcomes. 

Their  detailed  description  and  study  of  V/Q  mismatch 
and  shunt  in  response  to  chlorine  gas  inhalation  is  outstand¬ 
ing.  The  statistical  analyses  are  flawless. 

However,  similar  to  any  model  of  injury,  the  main  ques¬ 
tion  that  remains  unanswered  is  the  relevance  to  true  clinical 
scenarios.  One  of  the  goals  of  this  study  was  to  characterize 
a  clinically  relevant  model. 

Did  the  authors  mean  a  clinically  relevant  model  for 
chlorine  gas  inhalation,  or  was  their  goal  to  look  at  inhalation 
injury  in  general  or  ARDS  in  general? 

While  this  model  may  be  applicable  to  chlorine  gas 
inhalation,  it  appears  to  have  significant  differences  from 
smoke  inhalation.  It  has  much  more  rapid  onset. 

Chlorine  is  one  dimensional  compared  to  the  complex 
nature  of  smoke.  Because  of  tracheostomy,  which  was  used  in 
these  experiments,  there  was  no  upper  airway  injury. 

I  agree  with  the  authors  that  the  less  complex  chlorine 
gas  model  is  more  reliable  and  is  reproducible  and  there  is  an 
excellent  dose  dependent  profile. 

But  because  of  simplicity  and  uniformity,  the  more  reli¬ 
able  models  are  often  less  clinically  relevant.  What  evidence 
do  the  authors  have  that  their  model  is  relevant  to  a  patient 
with  smoke  inhalation  or  ARDS? 

Since  some  of  the  injury  is  due  to  hydrochloric  acid,  is 
there  any  similarity  to  aspiration  injury  models  since  HC1  was 
used  in  these  models?  The  third  question  is  did  you  look  at 
pulmonary  cytokine  production  and  neutrophil  sequestration 
either  in  BAL  or  lung  homogenates?  Does  this  model  induce 
SIRS? 

The  authors  suggested  that  the  transient  improvement  in 
oxygenation  may  be  related  to  recruitment  of  atelectatic  al- 
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veoli.  Could  they  see  this  recruitment  phenomenon  in  this  CT 
scan? 

Dr.  Andriyl  I.  Batchinsky  (San  Antonio,  Texas):  The 
relevance  of  our  model  to  true  clinical  scenarios  is  limited  to 
the  methods  we  used  and  the  model  as  it  was  constructed.  I 
would  say  that  our  focus  was  to  answer  some  of  the  questions 
with  regard  to  pathophysiology  of  chlorine  injury  and  also  to 
build  a  rapid-in-onset  model  of  ARDS  that  could  be  poten¬ 
tially  used  as  such  for  investigation  of  new  treatment  modal¬ 
ities.  The  findings  presented  here  may  be  mostly  relevant  to 
ARDS  secondary  to  toxic  hydrophilic  corrosive  inhalants 
and,  clinically,  applicable  to  severe  cases  of  chlorine  inhala¬ 
tion  injury  in  unconscious  spontaneously  breathing  patients. 

There  are  conclusions  from  this  work  that  may  be  rele¬ 
vant  with  respect  to  ARDS  in  general,  such  as  CT  phenomena 
of  recruitment  of  previously  fully  consolidated  lung  repre¬ 
sented  in  the  CT  slide.  We  have  also  found  that  the  blood 
flow  to  areas  with  very  low  V/Q  ratios  in  this  model  resolved 
by  24  hours.  Analogous  results  were  reported  by  Dantzker  et 
al.  when  they  used  MIGET  in  human  ARDS  patients.  The 
mentioned  phenomenon  physiologically  may  represent  a  pool 
of  potentially  recruitable  alveoli  that  could  be  engaged.  These 
are  the  two  main  relevant  factors  to  ARDS  inferred  from  our 
results. 

The  relevance  to  patients  with  smoke  inhalation  injury  is 
as  follows.  Both  smoke  and  chlorine  are  injuring  the  lungs  in 
the  same  site — in  the  small  airways,  with  chlorine  addition¬ 
ally  damaging  the  alveolar-capillary  membrane.  Pathophysi- 
ologically,  there  is  some  overlap  based  on  MIGET  data  be¬ 
tween  the  two  models.  In  their  comprehensive  investigation 
of  smoke  inhalation  injury  in  sheep,  Shimazu  et  al.  have 
found  V/Q  mismatch  to  be  the  main  factor  in  the  hypoxia 


secondary  to  smoke  inhalation.  The  group  also  identified 
moderate  shunt,  albeit  not  significant  enough  to  explain  the 
hypoxia  in  full.  However,  chlorine  as  a  corrosive  agent  and 
very  hydrophilic  in  nature  may  elicit  a  much  more  pro¬ 
nounced  local  tissue  damage,  potentially  leading  to  complete 
necrosis  and  alveolar  capillary  membrane  injury,  thus  consti¬ 
tuting  to  an  overall  more  penetrating  and  severe  injury. 

Are  there  any  similarities  with  aspiration  injury  models 
induced  by  hydrogen  chloride?  Both  of  these  agents  may  act 
locally  eliciting  corrosive  tissue  damage  and  leading  to  ne¬ 
crosis  through  dissolution  in  water  and  formation  of  acidic 
components.  The  work  of  Dantzker  et  al.  that  I  referred  to 
with  respect  to  MIGET  findings  in  humans  addressed  this 
question  to  a  degree.  There  were  16  patients  in  that  study,  and 
6  of  them  had  ARDS  secondary  to  aspiration.  Pathophysi- 
ologically,  the  data  looked  similar  to  the  data  presented  here, 
such  as  both  ventilation  perfusion  mismatch  and  true  shunt 
were  present  with  transient  blood  flow  to  areas  with  low  V/Q 
ratios. 

We  did  not  perform  BAL  in  this  study.  We  did  collect 
plasma  and  plan  to  study  the  cytokine  production  as  sheep- 
specific  kits  become  available.  We  did,  however,  identify  that 
lipid  peroxidation  as  measured  by  the  Thiobarbituric  Acid 
reactive  substances  has  increased  significantly  in  groups  3 
and  4  suggesting  that  a  systemic  inflammatory  response  was 
underway.  There  was  a  4-  to  5-fold  increase  in  neutrophil 
sequestration  as  measured  by  myeloperoxidase  activity  in 
pulmonary  homogenates  in  groups  3  and  4.  The  data  from 
groups  2  and  the  MIGET  study  (groups  6  and  7)  have  not 
been  analyzed  yet. 

Evidence  of  lung  recruitment  on  CT  has  been  provided  in 
the  slide  describing  the  CT  changes  in  this  model. 
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